The objective of this study is to collect energy on the waste heat from air produced by solar ventilation systems. This heat used for electricity generation by an organic Rankine cycle (ORC) system was implemented. The advantages of this method include the use of existing building's wall, and it also provides the region of energy scarcity for reference. This is also an innovative method, and the results will contribute to the efforts made toward improving the design of solar ventilation in the field of solar thermal engineering. In addition, ORC system would help generate electricity and build a low-carbon building. This study considered several critical parameters such as length of the airflow channel, intensity of solar radiation, pattern of the absorber plate, stagnant air layer, and operating conditions. The simulation results show that the highest outlet temperature and heat collecting efficiency of solar ventilation system are about 120 ∘ C and 60%, respectively. The measured ORC efficiency of the system was 6.2%. The proposed method is feasible for the waste heat from air produced by ventilation systems.
Introduction
The development of the economy and society on a global scale has been accompanied by energy crises and environment pollution, which have become two major problems worldwide. Therefore, the application of renewable energies (solar energy, wind energy, and geothermal energy) in electricity generation is becoming increasingly crucial. In addition, power generation in which the organic Rankine cycle (ORC) is used to recover low-grade energy sources has attracted considerable attention. In recent years, Hung et al. [1, 2] have extensively studied the development and applications of ORC electrical generating systems.
Among these sources, geothermal and solar energy are typically used in converting low-grade heat into power and in other applications [3] [4] [5] [6] [7] [8] . Wang et al. [3, 6] designed a low-temperature solar Rankine system. Both evacuated solar collectors and the flat-plate solar collectors are used in this experimental system. Hettiarachchi et al. [4] presented a costeffective optimal design criterion for organic Rankine power cycles using low-temperature geothermal heat sources. Karellas et al. [7] reported that a heat recovery system could be used to increase the efficiency of the cement plant and, thus, contributes to the emissions reduction when using a typical cement production procedure. Wang et al. [8] investigated the performance of a low-temperature solar Rankine cycle system using working fluid R245fa. The experimental results indicated that the highest heat-collecting efficiency of a flatplate collector is approximately 50%. Hung [9] investigated a maximum work output from various combinations of thermodynamic cycles from a viewpoint of the cycle systems. The study shows that the series-type triple cycle exhibits no significant difference as compared with the combined cycle. Hung et al. [10] analyzed parametrically and compared the efficiencies of ORCs using cryogens such as benzene, ammonia, R11, R12, R134a, and R113 as working fluids.
According to the statistical data, air conditioning takes about 40% of electricity demand for building. Therefore, natural ventilation has received considerable attention because it reduces heat gain and induces natural cooling or heating in both commercial and residential buildings and provides potential benefits regarding operational costs, energy requirements, and carbon dioxide emission. The objective of this study is to collect the waste heat from air produced by ventilation systems. The waste heat was used for electricity generation in which an ORC system was implemented, as shown in Figure 1 . This method also served the purpose of combining the waste heat produced by ventilation system with an ORC system to facilitate the creation of a reasonable indoor environment characterized by human thermal comfort, energy efficiency, and environmental friendliness and to construct a low-carbon building. The advantages of this method include the use of existing building's wall, and it also provides the region of energy scarcity for reference. This is an innovative method, and the results will contribute to the efforts made toward improving the design of solar ventilation in the field of solar thermal engineering. Thus far, relatively little research in this area has been conducted.
A wide variety of natural ventilation systems are presented in the literatures. Solar wind towers [11] , Trombe walls [12] , and solar chimneys [13] are examples. Zhai et al. [14] proposed that active solar systems can be used to enhance the ventilation performance of solar chimneys. The main configurations and integrated renewable energy systems based on solar chimneys were investigated. ElSawi et al. [15] investigated the chevron pattern of fold structure produced using a recently developed continuous folding technique. Arce et al. [16] experimentally investigated the thermal performance of a solar chimney for natural ventilation. The experimental model was implemented under full-scale and real meteorological conditions, to compare the experimental results with simulation results. Yadav and Bhagoria [17] presented a detailed review of the literature that involves the application of CFD in the design of solar air heaters. The solar chimney concept used for improving the natural ventilation of rooms was analytically and numerically studied [18] . The present study considered several geometrical parameters such as chimney inlet size and width, which are considered to have a significant effect on space ventilation. CFD modelling techniques were used to assess the effects of inclination angle, double glazing, and low-emissivity finishes on the induced ventilation rate [19] . Hu et al. [20] investigated a simple-structure mechanical ventilation solar air collector (MV-SAC) with internal baffles. A numerical model was developed in the present study to predict solar air collector internal flow and heat transfer characteristics. Tian and Zhao [21] and Alkilani et al. [22] reported that various types of thermal energy storage systems are also reviewed and discussed, including sensible heat storage, latent heat storage, chemical storage, and cascaded storage.
In this study, we applied experiments and CFD to solve problem of solar storage wall combined with the organic Rankine cycle. The fluid flow and heat transfer of this solar storage wall were analyzed numerically, and the results were validated based on the experimental data. Subsequently the parameters, such as the thickness of the air gap, the operating conditions, and height of flow, that clearly influence collector efficiency were analyzed. These results provide a reference for the future design and optimization of solar storage wall.
Experimental Analysis
In this section, we present the details of the experiments and performance analysis conducted in this study.
Solar
Simulator. Factors such as time, season, and weather cause the experimental results to become unstable. Therefore, we constructed a solar simulator that can provide stable energy on an absorber plate, as shown in Figure 2(a) . The spectral range of the solar simulator was visible light, the wavelength of which 500-600 nm, and the distributed heat flux was between 780 and 820 W/m 2 , as shown in Figure 2 (c). The measured results indicate that the variation in the maximal heat flux at various locations was less than 50 W/m 2 and that the solar simulator produced uniform heat flux.
Experimental Setup.
The collector module consisted of glass, an absorber plate, an airflow channel, a stagnant air layer, insulation, and an aluminum collector frame used to International Journal of Photoenergy install the components, as shown in Figure 3 (a). The absorber plate was 1.6 m high, 0.6 m wide, and 0.08 m thick; the stagnant air layer was 0.18 m deep; and the glass cover was 0.004 m thick. To collect sufficient solar radiation, the surface of the absorber plate was painted black. The purpose of using a glass cover and a stagnant air layer was to decrease convection heat losses from the absorber plate. The surface of the aluminum collector frame was insulated to achieve minimal heat loss. The insulation was protected using a fiberglass wool envelope. The air inlet to the chimney was located at the bottom of solar storage wall and the air outlet was located at the top.
Inlet airflow was collimated by employing a laminated array to provide the velocity component in the x-direction only. The inlet and outlet cross-section were maintained equal and constant ( in = out = 0.002 m 2 ) to reduce the pressure loss in the inlet and outlet areas. Before conducting the performance tests, both the thermocouples and flow meters used were calibrated to ensure accurate measurements. The collectors, based on their respective settings, were tested for leaks under the operating pressure.
Instrumentation.
The variables measured in this experiment included the inlet and outlet air temperature, ambient temperature, and the solar radiation and mass flow rate of the air. The collector was instrumented with three T-type thermocouples ( = 0.15, 0.75, and 1.55 m) for measuring the temperatures in each component. The airflow rate was calculated using the measured air velocity and the known duct area. The data acquisition system consisted of a data logger, which was connected to a personal computer through an RS232 serial port. The locations of each sensor are shown in Figure 3 (b).
Performance
Analysis. The useful energy gained using the solar ventilation system can be expressed as [23] 
and the following heat balance equation expresses the thermal performance of a collector under steady-state conditions:
where is the collector heat removal factor and is the top loss coefficient, which is dependent on temperature and wind speed. A measure of collector performance is collector efficiency, defined as the ratio of useful heat gain over any time period to the incident solar radiation over the same period. Thus, the efficiency equation is written as follows:
From (1) and (3), the collector efficiency can be expressed as follows:
The general test procedure involves determining using (1) and measuring , , and amb. by operating the collector under nearly steady-state conditions in test facilities.
Numerical Analysis
In this study, commercial CFD code ANSYS FLUENT [24] software was used as to perform the numerical calculations. CFD is a simulation tool that uses powerful computer and applied mathematics to model fluid-flow situations to predict heat.
Governing Equation.
In the ventilation system, the study used rectangle pipe flow, and the hydraulic diameter, ℎ = 4A/P, was calculated by four times the ratio of the crosssection flow area divided by the wetted perimeter, P, of the pipe. The Reynolds number, Re = V ℎ / , was greater than 2300. Therefore, the standard k-equation was adopted in the chimney region. The flow phenomenon that occurs in a ventilation channel is governed by the continuity, momentum, and energy equations involved in the steady-state regime which can be written as follows [17] .
Continuity equation:
Momentum equation:
Energy equation:
where Γ, Γ , and Pr are the molecular thermal diffusivity, turbulent thermal diffusivity, and Prandtl number, respectively. in (8) is the turbulent viscosity. The discrete ordinates (DO) model was chosen for conducting the simulation of radiation heat transfer. This was achieved by coupling radiative transfer equation (RTE) and the convective energy equation [25] . Solar ray tracing was used to calculate radiation effects produced by the sun's rays that irradiate the computational domain. The solar load model's ray tracing algorithm was used to predict the direct illumination energy source that results from incident solar radiation.
Geometric Modeling and Meshing.
The complete geometry of the system is divided into three sections: the entrance, test, and exit sections. The 3D domain used for CFD analysis was set up to have a height of 1.9 m, width of 0.6 m, and a depth of 0.04 m. The depth of the stagnant air layer and airflow is 0.18 m and 0.02 m, respectively. To reduce the burden of computational time and memory space on the computer, the system under consideration was assumed to have a symmetric plane.
The 3D computational domain of the solar ventilation system was created and meshed according to its actual size by using Gambit [26] software. A uniform mesh comprising extremely fine mesh near the wall was used to resolve the laminar sublayer as shown in Figure 4 . The nearest grid point to the wall was carefully adjusted to place it in the linear region and thereby ensure that the nondimensional wall distance + was less than 3.0. The total grid number was determined to be 1,525,068 cells after the grid independence was investigated.
Boundary Conditions and Material Properties.
Uniform air velocity was introduced at the inlet while a constant pressure was applied at the outlet. The system under consideration was assumed to have a symmetric plane. In addition, the collector frame was assumed to be adiabatic. The heat loss from the back plate and the glass to the surroundings was considered, and no-slip boundary condition was assigned to the walls in contact with the fluid in the model.
The properties of the working fluid (air), absorber plate (aluminum), and glass material were assumed to remain constant. The glass and absorber plate were homogeneous and International Journal of Photoenergy 5 isotropic. The thermal conductivity of the frame, absorber plate, and glass was temperature independent. The thermophysical properties of the working fluid, glass, and absorber plate are listed in Table 1 . Because the flow velocity in the ventilation system and the decrease in pressure were relatively small, the air was considered as incompressible fluid, and the density was assumed to be approximately that of ideal gas, considering the thermal expansion effect.
After establishing all the relevant settings, ANSYS FLU-ENT performed the calculation in an iterative manner until a sufficient tolerance, defined by the user, was achieved. The convergence criterion of 10 −6 represents the residuals in the continuity equation; 10 −3 for the residuals of the velocity components and 10 −6 for the residuals of the energy were assumed.
Validation of the Computation Fluid Dynamics Results.
We investigated the feasibility of solar ventilation in natural convection and compared the measured and calculated results. The results of solar simulator show that the uniform heat flux can be assumed as 800 W/m 2 . The heat transfer coefficient of the wind and temperature of ambience were assumed to be 20 W/m 2 -K and 30 ∘ C, respectively. The error of the temperature between the CFD and experimental results is given by
Exp. − amb.
× 100%. Figure 5 shows the air temperature comparison between measured and calculated results under free convection. It shows that the deviation of the solutions obtained using CFD simulations was generally within the acceptable range, in which the inlet air velocity is 0.45 m/s. This proves that CFD is an effective tool for predicting the behavior and performance of a ventilation system. The flow field and temperature distribution in the computational domain are shown in Figure 6 . The computed temperature variation behavior was clearly within reasonable accuracy. The simulation results also indicated that the temperature of the air increased as the airflow height increased.
In this study, the maximal temperature and mass flow rate were determined using various lengths of airflow under ideal conditions for the proposed system. Figure 7 shows the temperature and mass flow rate for various lengths of airflow under ideal conditions. It is clearly seen that the disparity of temperature between the ideal ( Figure 5 ) and actual measurements (Figure 7 ) was approximately 40 ∘ C. The main reason is that actual measurements have energy loss. The analysis results for the parameters that clearly influence collector efficiency, such as the thickness of the air gap, the operating conditions, and height of flow, are presented and considered to be references for the future design and optimization of solar ventilation systems which are provided in the following section.
Results and Discussion
The accuracy of the calculated numerical results was accepted. Therefore, the experiment and simulation were applied to obtain optimal geometric design. CFD provides numerical advantages over experiment-based approaches, such as the substantial reduction in human labor and work time and the costs of materials. This study investigated the influence of various lengths of airflow, operating conditions of the inlet, the energy of heat flux, the type of absorber used for achieving efficiency, and the width of the air layer.
Natural Convection and Forced
Convection. According to the results described in Section 3.4, the performance of waste heat recovery was not significant because of the low mass flow rate of the system. Therefore, the potential enhancement of mass flow rate was investigated by changing the velocity of the air inlet. A fan was installed at the air inlet to facilitate heat circulation. The following velocities at the air inlet were used, that is, 1, 1.5, 2, 3, 4, 5, and 6 m/s. Figure 8 shows the effect of the mass flow rate on the outlet temperature and on the efficiency of the ventilation system, which were measured experimentally. The outlet temperature clearly decreased as the mass flow rate increased, and the efficiency increased at a decreasing rate. The results clearly indicate that forced convection is more efficient than natural convection. The measurement results and CFD simulation, in which forced convection ( in = 2m/s) was used, are shown in Figure 9 . The results obtained using the CFD approach were similar to the experimental results, indicating that CFD can be used for predicting the behavior and performance of a ventilation system in which forced convection is involved. The results indicate that exit temperature decreased because the temperature of the airflow channel was not uniform at the same elevation, as shown in Figure 10 .
The longer the residence time in the airflow channel, the smaller the temperature difference between the aluminum and the air. Thus, the heat transferred to the air via the aluminum is reduced. If the air does not very smoothly flow in and out through the flow channel, it may cause a high percentage of heat returned to the environment by way of thermal radiation. Figure 11 shows a photo of the solar ventilation system. The angle and length of airflow were 15 ∘ and 4 m for solar ventilation system, respectively. The time step for data collection was set as 1 min. The maximal glass, absorber plate, airflow channel, and plywood temperature were obtained at a height of 1.55 m, as shown in Figure 3(b) . Figure 12(a) shows that the maximal temperature values were obtained approximately at noon. It is obvious that the overall changing trend with time of the temperature follows that of the solar radiation. At about 11:15, the solar radiation was blanked. However, the temperature will not be affected immediately, because the system still provides energy. The results also indicated that the air temperature difference between the exit and the inlet was approximately 50 ∘ C. The velocity of the ambience and the air of airflow channel is shown in Figure 12 (b). The velocity of ambience was greater than that of airflow channel.
Actual Test of Natural

Length of the Airflow Channel.
Regarding heat transfer, a large absorber area may result in a substantial increase in temperature during solar ventilation. Therefore, potential enhancement of heat removal was investigated by the changing length of airflow and solar radiation, and V in was assumed to be 2 m/s. Five airflow channel lengths were used for heat transfer analysis: 0.8, 1.6, 2.4, 3.2, and 4.0 m. Figure 13(a) shows the effect of the airflow length and solar radiation on the outlet temperature by CFD simulation. Clearly, the outlet temperature increased when the airflow length increased. However, the change was not obvious when the height exceeded approximately 3.5 m. Therefore, an optimal length of approximately 3.5-4 m can be selected.
Furthermore, the intensity of solar radiation depends on the orientation of the solar ventilation system, the day of the year, and the hour of the day, among other working conditions. Therefore, this study investigated the effect of solar radiation, and the results are shown in Figure 13 (a). The outlet temperature was increased by approximately 4% when the solar radiation increased as 200 W/m 2 . Figure 13 (b) shows the effect of the airflow length and solar radiation on the efficiency by CFD simulation. It shows that the efficiency in energy collection decreased when the airflow length increased.
Pattern of the Absorber Plate.
The convective heat transfer rate in the airflow channel can be augmented by increasing the heat transfer surface area and increasing the turbulence inside the channel. This study investigated the effect of various types of absorber plates which are inexpensive and common. Figure 14 shows that three independent sets of experiments were conducted to investigate the performance of both the flat and rectangular tubes; the cross-section was 6 × 2 and 10 × 1 cm, respectively. Figure 15(a) shows the difference between inlet air temperature of the solar ventilation and outlet air temperature of the solar ventilation for various patterns of the absorber plate. It shows that the temperature produced in Case I was clearly higher than that in Cases II and III. The main reason for this result is that the heat transfer surface area was increased, for the temperature difference of Case III exceeds Case II when the mass flow rate is higher than about 0.008 kg/s. The main reason is that the material is different between Cases II and III. The effect of material is more significant than that of heat transfer surface. The efficiency for three types of collectors is shown in Figure 15(b) . The efficiency of three various absorber plates increased when the mass flow rate increased. It also shows that Case I absorber plate was more efficient than those used in Cases II and III. The optimal design and control range of the solar thermal collector were approximately 2-3 m/s for effective ORC waste heat recovery.
Stagnant Air Layer and Operating Conditions.
Heat loss occurs in the air space between the glazing and absorber plate through convection and conduction back the atmosphere. To reduce the heat loss of the absorber plate, the influence of various widths of the stagnant air layer and the associated heat transfer coefficient of wind on thermal performance was investigated. Five air layer widths were used in the CFD simulation: 0.3, 0.8, 1.8, 2.8, and 3.8 cm. The heat transfer coefficients were 10, 20, and 30 W/m 2 -K, respectively.
The various air layer widths and wind velocity are shown in Figure 16 . The change in loss heat was not obvious when the heat transfer coefficient of wind was lower than approximately 20 W/m 2 -K. In addition, the heat loss of the absorber plate was not obvious when the air layer width was higher than that of 2 m. The main reason for these results is that the effective buoyancy force driven by the air density difference between the glass and absorber plate airflow channel was disrupted when the width of the air layer was too thin. The overall effects of the width and heat transfer coefficient of wind on the outlet temperature were not obvious and exhibited 3% variation.
Economic Assessment of ORC Combined with the Solar
Storage Wall. In this section, we investigated the economic assessment for solar storage wall combined with the organic Rankine cycle, as shown in Figure 1 . Figure 17 At the same time, the process 3 → 4a which appeared in Figure 17 is the ideal isentropic expansion process. Although this process cannot be reached during real operation, it is an evaluation criterion of the real expansion process. For the Rankine cycle system utilizing R245fa, the efficiency of the ORC is written as follows:
where 34 is the power output obtained from the expander, 12 is power consumed by the feed pump, and 23 is the heat quantity absorbed by R245fa from solar collector. The power generation efficiency of the system is written as follows:
From above, result indicates that the highest outlet temperature and efficiency of air collected were approximately 100 ∘ C and 60% (with 4 m length of air channel and absorber plate of Case I). In this study, heat exchanger's performance was assumed as 80%, and the temperature of hot water was approximately 80 ∘ C. Figure 17 shows the schematic T-S diagram of the low-temperature Rankine cycle system, and the efficiency of ORC was 6.2%. The assessment for ORC combined with the solar storage wall is shown in Table 2 . For this study, the area of collector for building was assumed to have a width of 6 m and height of 8 m. The result indicates that the effective system efficiency for thermal to power is about 3.7% with the power generation of about 11.43 kWh per day. If the future wall structure can be modified with appropriate design, its cost is expected to be lower than current type. The proposed method is feasible for the solar heat collected by air ventilation systems, and the heat was used for electricity generation in a system incorporated with ORC.
Conclusions
An innovative application of ORC systems combined with solar ventilation was investigated and an experimental prototype was designed, constructed, and tested in this study. Experiments and CFD simulations were used to investigate the performance of the proposed solar ventilation system. The results are summarized as follows.
(1) The deviation of the solutions obtained using CFD simulations was generally within the acceptable range, which proves that CFD is a qualified tool for predicting the behavior and performance of a ventilation system.
(2) The thermal performance and outlet temperature of air, when a slight forced convection was supplemented, were superior to those produced when a pure natural convection was considered.
(3) An optimal configuration of a solar ventilation system has a stagnant air layer of 2 cm, an air channel length of 4 m, and an absorber plate of Case I, and the optimal range of air inlet for thermal performance of a collector is approximately 2-3 m/s.
(4) The proposed method is feasible for the solar heat collected by air ventilation systems, and the heat was used for electricity generation in a system incorporated with ORC.
International Journal of Photoenergy (ii) An innovative concept of combining the waste heat of ventilation with ORC system is introduced.
(iii) Various types of solar ventilation system are discussed. 
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